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Figure 1: Exponential-time query complexity of XT and XALAN. 
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Figure 2: Exponential-time ouery complexity of IE6, for document sizes 2, 3, 10, and 200. 

  



Patent Application Publication Mar. 25, 2004 Sheet 3 of 5 US 2004/0060007 A1 

250 
seconds 

200 

150 

100 

so 
L -1 re)-f(x)-f(-50) O - its F Tir tie 

O 1 x 10' 2 x 10' 3 x 10' 4 x 10' 5x10 
documcnt size 

Figure 3: Quadratic-time data complexity of IE6. f' and f' are the first and second derivatives, 
respectively, of our graph of timings f. 
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Q: E/E2 
/ N 

E. : descendant:b E2: E3 E4 
/ 

E3: following-sibling:: E4: E5 = Es 
/ N 

Es: position () E6: last() 

Figure 4: Parse tree of the XPath Query in Example 8. 
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EFFICIENT PROCESSING OF XPATH QUERIES 

A RELATED APPLICATIONS 

0001. The present application claims priority from the 
copending U.S. Provisional Application Serial No. 60/389, 
513, having the same title filed Jun. 19, 2002. 

B BACKGROUND 

0002 B.1 Field of Invention 
0003. This disclosure teaches techniques, methods and 
Systems related in general to the field of information pro 
cessing. More particularly, the teachings relate to methods, 
Systems, and computer-program products for querying tree 
Structured databases, Web pages, or XML documents using 
formalisms or query languages that share certain character 
istics and navigational constructs Such as path expressions 
with the standardized XPath 1 formalism W4) of the World 
Wide Web Consortium. 

0004 B.2 Basic Concepts, Terminology, and Introduction 
0005) The reader is assumed to be familiar with XML (cf. 
W2), XPath and, in particular, with standard notions such 
as axes and location steps in XPath (cf. W4). XPath has 
been proposed by the W3C W4 primarily as a practical 
language for Selecting nodes from XML document trees. But 
it is also designed to be used for formulating expressions that 
evaluate to a String, a number or a boolean value. The 
importance of XPath stems from 

0006 1. its potential application as an XML query 
language per Se and 

0007 2. it being at the core of several other XML 
related technologies, such as XSLT, XPointer, and 
XQuery, and the great and well-deserved interest Such 
technologies receive. 

0008 B.3 Desirable Properties of Methods and Systems 
Evaluating Xpath Queries and Xpath Expressions over XML 
Documents 

0009 Since XPath and related technologies will be tested 
in ever-growing deployment Scenarios, its implementations 
need to scale well both with respect to the size of the XML 
data and the growing Size and intricacy of the queries 
(usually referred to as combined complexity). In particular, 
this evaluation should profitably be feasible in polynomial 
time for any given XML document, any given XPath query 
or XPath expression and, optionally, any given context. 
0010) B.4 References 
0.011 The following documents provide background 
information helpful in understanding this disclosure, and to 
that extent, they are incorporated herein by reference. They 
are referred to, using the abbreviated notations shown below, 
in Subsequent discussions to indicate Specific relevance 
wherever necessary. 
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0026. B.5 Description and Critique of Related Art 
0027. In this section, we evaluate the efficiency of three 
XPath engines, namely Apache XALAN (the Lotus/IBM 
XPath implementation which has been donated to the 
Apache foundation) and James Clark's XT, which are, as we 
believe, the two most popular freely available XPath 
engines, and MicroSoft Internet Explorer 6 (IE6), a com 
mercial product. We have not made explicit experiments 
with Saxon, which is another popular XSLT processor (thus 
including an XPath engine), see H2). At any rate, also 
Saxon, in general, exhibits the exponential behavior that we 
observed for the other three systems mentioned above. 
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0028. The version of XALAN used for the experiments 
was Xalan-j 2 D11 (i.e., a Java release). We used the 
current version of XT (another Java implementation) with 
release tag 19991105, as available on James Clark's home 
page, in combination with his XP parser through the SAX 
driver. We ran both XALAN and XT on a 360 MHz (dual 
processor) Ultra Sparc 60 with 512 MB of RAM running 
Solaris. IE6 was evaluated on a Windows 2000 machine 
with a 1.2 GHz AMD K7 processor and 1.5 GB of RAM. 
0029 XT and IE6 are not literally XPath engines, but are 
able to process XPath embedded in XSLT transformations. 
We used the Xsl:for-each performative to obtain the set of all 
nodes an XPath query would evaluate to. 
0.030. We show by experiments that all three implemen 
tations require time exponential in the size of the queries in 
the worst case. Furthermore, we show that even the Simplest 
queries, with which IE6 can deal efficiently in the size of the 
queries, take quadratic time in the size of the data. Since we 
used two different platforms for running the benchmarks, 
our goal of course was not to compare the Systems against 
each other, but to test the Scalabilities of their XPath 
processing methods. The reason we used two different 
platforms was that Solaris allows for accurate timing, while 
IE6 is only available on Windows. (The IE6 timings reported 
on here have the precision of t1 second). 
0.031) For our experiments, we generated simple, flat 
XML documents. Each document DOC(i) was of the form 

(a) (bf)... (bf) (fa) 
i times 

0032) 
0.033 Experiment 1: Exponential-Time Query Complex 
ity of XALAN and XT 
0034. In this experiment, we used the fixed document 
DOC(2) (i.e., (a)(b/)(b/)(a)). Queries were constructed 
using a simple pattern. The first query was //a/b and the 
i+1-th query was obtained by taking the i-th query and 
appending ?paxent::a/b. For instance, the third query was 
* /a/b/parent:a/b/parent::a/b. 

0035) It is easy to see that the time measurements 
reported in FIG. 1, which uses a log Scale Y axis, grow 
exponentially with the size of the query. The Sharp bend in 
the curves is due to the near-constant runtime overhead of 
the Java VM and of parsing the XML document. 
0036) Discussion 
0037. This behavior can be explained with the following 
pseudocode fragment, which seems to appropriately 
describe the basic query evaluation Strategy of XALAN and 
XT. 

and its tree thus contained i+1 element nodes. 

procedure process-location-step(no Q) 
f* no is the context node; query Q is a list of location steps */ 
begin 

node set S := apply Q.first to node no; 
if (Q. tail is not empty) then 

for each node n e S do process-location-step(n, Q. tail); 
end 
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0038. It is clear that each application of a location step to 
a context node may result in a set of nodes of Size linear in 
the size of the document (e.g., each node may have a linear 
number of descendants or nodes appearing after it in the 
document). If we now proceed by recursively applying the 
location Steps of an XPath query to individual nodes as 
shown in the pseudocode procedure above, we end up 
consuming time exponential in the size of the query in the 
worst case, even for very simple path queries. As a (sim 
plified) recurrence, we basically have 

... O > 0 D: TimeO-1) 
Time(Q) as Q = 0 

0039 where IQ is the length of the query and D is the 
Size of the document, or equivalently 

0040 Time(QI)-D. 
0041. The class of queries used puts an emphasis on 
Simplicity and reproducibility (using the very simple docu 
ment (a)(b/)(b/)(a)). Interestingly, each parent:a/b 
Sequence quite exactly doubles the times both Systems take 
to evaluate a query, as we first jump (back) to the tree root 
labeled “a” and then experience the “branching factor of 
two due the two child nodes labeled “b'. 

0042. Our class of queries may seem contrived; however, 
it is clear that we make a practical point. First, more realistic 
document sizes allow for very short queries only. We will 
show this in the second experiment for IE6, and have 
verified it for XALAN and XT as well. At the same time, 
XPath query engines need to be able to deal with increas 
ingly Sophisticated queries, along the current trend to del 
egate larger and larger parts of data management problems 
to query engines, where they can profit from their efficiency 
and can be made Subject to optimization. The intuition that 
XPath can be used to match a large class of tree patterns (cf. 
S4) in XML documents also implies to a certain degree 
that queries may be extensive. 
0043 Moreover, similar queries using antagonist axes 
such as “following” and “preceding” instead of “child” and 
"parent do have practical applications, Such as when we 
want to put restrictions on the relative positions of nodes in 
a document. Finally, if we make the realistic assumption that 
the documents are always much larger than the queries 
(IQk<D), it is not even necessary to jump back and forth 
with antagonist axes. We can use queries Such as //follow 
ing:: */following::*/.../following:: * to observe exponential 
behavior. 

0044) Experiment 2: Exponential-Time Query Complex 
ity of Internet Explorer 6 
0045. In our second experiment, we executed queries that 
nest two important features of XPath, namely paths and 
arithmetics, using IE6. The first three queries were 

0046) /a/bcount(parent:a/b)>1 
0047 /a/bcount(parent:a/bcount(parent:a/b)>1 
)>1 

0048 /a/bcount(parent:a/bcount(parent:a/bcount 
(parent:a/b)>1)>1)>1 

0049 and it is clear how to continue this sequence. 
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0050. The experiment was carried out for four document 
sizes (2, 3, 10, and 200). FIG. 2 shows clearly that IE6 
requires time exponential in the size of the query. 
0051 Experiment 3: Quadratic-Time Data Complexity 
for Simple Path Queries (IE6) 
0.052 For our third experiment, we took a fixed query and 
benchmarked the time taken by IE6 for various document 
sizes. The query was "//a+q(20)+//b’ with 

(i) le + q(i-1)+ If blf ancestor:a' ... i> 0 q(t):= 
... i = 0 

0053 (Note: The size of queries q(i) is of course O(i)) 

EXAMPLE 1. 

0.054 For instance, the query of size two according to this 
Scheme, i.e. //a+q(2)+//b, is //a/b ancestor::a/b ances 
tor::a/b/ancestor:a/b/ancestor::a/b 
0055 The granularity of measurements (in terms of docu 
ment size) was 5000 nodes. FIG. 3 shows that IE6 takes 
quadratic time w.r.t. the size of the data already for this 
Simple class of path queries. 

II. SUMMARY 

0056. The disclosed teachings provide methods, systems 
and computer-program products for the efficient evaluation 
of XPath expressions over XML documents. Features of this 
evaluation are: 

0057 The evaluation of arbitrary XPath expressions 
WorkS in time polynomial with respect to the com 
bined size of the input XPath expression and the 
XML document. 

0058. The evaluation uses--either as an explicit 
data Structure or implicitly-a query-tree of the input 
XPath expression, which can be either processed 
bottom-up or top-down. 

0059. The evaluation sets up for each subexpression 
of the input XPath expression-either as an explicit 
data Structure or implicitly via recursive procedure 
calls-a Socalled context-value table, which juxta 
poses the possible or relevant contexts on the one 
hand and the corresponding result value of the XPath 
Subexpression for this context on the other hand. 

0060) Note that these methods are not confined to a single 
embodiment but can be embodied in various ways. It should 
be clear that the detailed description given in this document 
is only an example implementation and should not be 
construed to restrict the Scope of the claims in any way. 
0061 Further, computer-program products including 
computer-readable media with instructions that implement 
the Systems and methods disclosed, completely or partially, 
are also contemplated as being within the Overall Scope of 
the disclosed teachings. It should be noted that the media 
could be anything including but not limited to RAMs, 
ROMs, hard disks, CDs, tapes, floppy disks, Internet down 
loads, etc. In short, any medium that can fix all or a Subset 
of the instructions, even for a transient period of time, is 
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considered as a computer-readable media for the purposes of 
this disclosed teaching. Further the type of computer that can 
implement is also not restricted to any particular type, but 
includes personal computers, WorkStations, mainframes and 
the like. Also, it can be implemented on a Stand-alone 
computer or in a distributed fashion acroSS a network, 
including but not limited to, the Internet. 

III. BRIEF DESCRIPTION OF THE DRAWINGS 

0062 1. FIG. 1“Exponential-time query complexity of 
XT and XALAN”: A function graph showing the exponen 
tial behavior of the XPath engines of XT and XALAN. 
0063. 2. FIG. 2"Exponential-time query complexity of 
IE6, for document sizes 2, 3, 10, and 200”: A function graph 
showing the exponential behavior of the IE6 for various 
inputs. 

0064 3. FIG. 3“Ouadratic-time data complexity of IE6. 
f' and f" are the first and second derivatives, respectively, of 
our graph of timings f: Function graphs showing that the 
IE6 requires quadratic time w.r.t. the Size of the data for the 
evaluation of a class of XPath queries that can be evaluated 
in linear time by the method and system described in Part IV, 
Section F.1. 

0065. 4. FIG. 4"Parse tree of the XPath Query in 
Example 8”. Parse tree of the XPath query Q=descendant::b/ 
following-sibling:* position() =last()). 
0.066 5. FIG. 5“Query tree of the XPath Query in 
Example 15.”: Parse tree of the XPath query Q=/descen 
dant: a? child::b child::c/child::d or not (following:*)). 

IV. DETAILED DESCRIPTION OF THE 
INVENTION 

0067. The following description of a preferred embodi 
ment of our invention and of Some variations and ramifica 
tions thereof is made for illustrating the general principles of 
the invention and is not to be taken in any limiting Sense. 
0068 A Basic Notions 
0069. The following assumptions and simplifications do 
not restrict the applicability of the invention. In fact, any 
body skilled in the art can adapt our methods to all other 
versions of XPath (notably XPath 2), languages similar in 
nature to XPath, and to full XML data models. 

0070. In this document, we use an XML document model 
simplified as follows. An XML document is viewed as an 
unranked (i.e., nodes may have a variable number of chil 
dren), ordered, and labeled tree. All of the artifacts of this 
and the next Section are defined in the context of a given 
XML document. Given a document tree, let dom denote the 
Set of its nodes, and let us use the two functions 

0071 first child, nextsibling: dom->dom, 

0072 to represent its structure. Actually, “firstchild” and 
“nextsibling” are part of the XML Document Object Model 
(DOM), cf. W1). “firstchild” returns the first child of a node 
(if there are any children, i.e., the node is not a leaf), and 
otherwise "null’. Let n, ...,n be the children of Some node 
in document order. Then, nextsibling(n)=n, i.e., "nextsib 
ling returns the neighboring node to the right, if it exists, 
and “null” otherwise (if i=k). We define the functions 
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first child' and nextsibling' as the inverses of the former 
two functions, where “null' is returned if no inverse exists 
for a given node. Where appropriate, we will use binary 
relations of the same name instead of the functions, i.e., {(x, 
f(x))xedom, f(x)znull} is the binary relation for function f. 
0073 B Efficient Utilization of Xpath Axes 

0.074 The axes self, child, parent, descendant, ancestor, 
descendant-or-Self, ancestor-or-Self, following, preceding, 
following-Sibling, and preceding-Sibling are binary relations 
XC domxdom. Let Self:={(x,x)|xedom. The other axes are 
defined in terms of our “primitive' relations “firstchild” and 
“nextsibling” as shown in Table 1 (cf. W4). R.R, RUR, 
and R* denote the concatenation, union, and reflexive and 
transitive closure, respectively, of binary relations R and 
R. Let E(X) denote the regular expression defining X in 
Table 1. It is important to observe that some axes are defined 
in terms of other axes, but that these definitions are acyclic. 

Definition 2 (Axis Function) Let X denote an XPath axis relation. 
We define the function X: 2'" -> 2'" as Y(X) = {x 3xo e X: 
XXX} (and thus overload the relation name X), 
where X dom is a set of nodes. 
Procedure 3 (Axis Evaluation) 
Input: A set of nodes S and an axis X 
Output: x(S) 
Method: eval(S) 
function eval(RU.UR) * (S) begin 

S' := S; /* S' is represented as a list */ 
while there is a next element x in S' do 

return S': 
end; 
function eval(S) := evale (S). 
function evale (S) := S. 
function evalee-CS) := evale2(evale (S)). 

function evalu (S) := eval (S) U eval(S). 

0075 where S Cldom is a set of nodes of an XML 
document, e and ea are regular expressions, R, R, . . . , R. 
are primitive relations, X and X2 are axes, and X is an axis 
other than “self. 

0.076 Clearly, some axes could have been defined in a 
Simpler way in Table 1 (e.g., ancestor equals parent parent). 
However, the definitions, which use a limited form of 
regular expressions only, allow to compute (S) in a very 
simple way, as evidenced by Procedure 3. 

0077 Consider the directed graph G=(V, E) with V=dom 
and E=RU . . . URn. The function eval,Ru . . . ur. 
essentially computes graph reachability on G (not transitive 
closure). It can be implemented to run in linear time in terms 
of the size of the data (corresponding to the edge relation E 
of the graph. Note that E-2T, where T is the size of the 
edge relation of the document tree.) in a straightforward 
manner; (non)membership in S" is checked in constant time 
using a direct-access version of S' maintained in parallel to 
its list representation (naively, this could be an array of bits, 
one for each member of dom, telling which nodes are in S"). 
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0078. Then Procedure 3 has the following properties: 

TABLE 1. 

Axis definitions in terms of “primitive tree relations and their inverses. 

child := firstchild.nextsibling 
parent := (nextsibling")*.firstchild' 
descendant := firstchild.(firstchild U nextsibling)* 
ancestor := (firstchild' U nextsibling").firstchild' 
descendant-or-self := descendant Uself 
ancestor-or-self := ancestor Uself 
following := ancestor-or-self.nextsibling. 

nextsibling.descendant-or-self 
preceding := ancestor-or-self.nextsibling'. 

(nextsibling')*.descendant-or-self 
following-sibling := nextsibling.nextsibling 
preceding-sibling := (nextsibling').nextsibling' 

0079 Let S Cldom be a set of nodes of an XML document 
and X be an axis. Then, 

0080) 1. x(S)=eval (S) and 
0081) 2. Procedure 3 runs in time O(ldom). 

0082) The O(dom) upper bound on the running time is 
due to the fact that each of the eval functions can be 
implemented So as to visit each node at most once and the 
number of calls to eval functions and relations joined by 
union is constant (see Table 1). 

0.083 C Data Model 

0084. Let dom be the set of nodes in the document tree as 
introduced in Section A. Each node is of one of Seven types, 
namely root, element, text, comment, attribute, nameSpace, 
and processing instruction. As in DOM W1, the root node 
of the document is the only one of type “root”, and is the 
parent of the document element node of the XML document. 
The main type of non-terminal node is “element”, the other 
node types are self-explaining (cf. W4). Nodes of all types 
besides "text' and “comment' have a name associated with 
it. 

0085. A node test is an expression of the form T() (where 
t is a node type or the wildcard "node”, matching any type) 
or T(n) (where n is a node name and T is a type whose nodes 
have a name). T(*) is equivalent to t(). We define a function 
T which maps each node test to the Subset of dom that 
satisfies it. For instance, T(node())=dom and T(attribute 
(href)) returns all attribute nodes labeled “href”. 

EXAMPLE 4 

0.086 Consider DOC(4) of Part I, Section B.5. It consists 
of six nodes-the document element node a labeled “a”, its 
four children b1, ..., b. (labeled “b”), and a root node r 
which is the parent of a. We have T(root())={r}, T(element 
())={a, b, ...,b,T(element(a))={a}, and T(element(b))= 
{b1, . . . , ba}. 
0087 Now, XPath axes differ from the abstract, untyped 
axes of Section B in that there are special child axes 
“attribute” and “namespace” which filter out all resulting 
nodes that are not of type attribute or nameSpace, respec 
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tively. In turn, all other XPath axis functions remove nodes 
of these two types from their results. We can express this 
formally as 

0088 attribute(S):=child(S)?hT(attribute()) 
0089 namespace (S):=child(S) ?hT(namespace()) 

0090 and for all other XPath axes (let X be the abstract 
axis of the same name), 

0.091 (S):=x(S)-(T(attribute( 
()). 

0092 Node tests that occur explicitly in XPath queries 
must not use the types “root”, “attribute”, or “namespace”. 
Actually, these node tests are also redundant with / and the 
“attribute” and “namespace” axes. In XPath, axis applica 
tions X and node tests t always come in location Step 
expressions of the form X::t. The node test n (where n is a 
node name or the wildcard *) is a shortcut for T(n), where t 
is the principal node type of X. For the axis attribute, the 
principal node type is attribute, for namespace it is 
namespace, and for all other axes, it is element. For example, 
child:a is short for child:element(a) and child:* is short for 
child:element(*). 
0093. Note that for a set of nodes S and a typed axis X, 
X(S) can be computed in linear time-just as for the untyped 
axes of Section B. 

))UT(namespace 

0094) Let < be the binary document order relation, 
Such that x< y (for two nodes X, yedom) if the opening 
tag of X precedes the opening tag of y in the (well-formed) 
document. The function first returns the first node in a set 
w.r.t. document order. We define the relation <, relative 
to the axis x as follows. For Xe Self, child, descendant, 
descendant-or-self, following-sibling, following}, <a is 
the Standard document order relation <. For the remaining 
axes, it is the reverse document order > Moreover, given 
a node x and a set of nodes S with xeS, let idx (x,S) be the 
index of X in S w.r.t. <e (where 1 is the Smallest index). 
0095) Given an XML Document Type Definition (DTD) 
W2 that uses the ID/IDREF feature, some element nodes 
of the document may be identified by a unique id. The 
function deref ids: string->2" interprets its input string as 
a whiteSpace-separated list of keys and returns the Set of 
nodes whose ids are contained in that list. 

0096. The function strval: dom->string returns the string 
value of a node, for the precise definition of which we refer 
to W4). Notably, the string value of an element or root node 
X is the concatenation of the String values of descendant text 
nodes descendant ({x})?hT(text()) visited in document 
order. The functions to String and to number convert a 
number to a String resp. a String to a number according to the 
rules specified in W4). 
0097. This concludes our discussion of the XPath data 
model, which is complete except for Some details related to 
namespaces. This topic is mostly orthogonal to our discus 
Sion, and extending our framework to also handle 
namespaces (without a penalty with respect to efficiency 
bounds) is an easy exercise. To be consistent, we will not 
discuss the "local-name”, “nameSpace-uri’, and “name’ 
core library functions W4 either. Note that names used in 
node tests may be of the form NCName:*, which matches all 
names from a given namespace named NCNAME. 
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0.098 D Standard Semantics of Xpath 
0099. In this section, we present a concise definition of 
the semantics of XPath 1 W4). We assume the syntax of this 
language known, and cohere with its unabbreviated form 
W4). This means that 
0.100) 1... in all occurrences of the child or descendant axis 
in the XPath expression, the axis names have to be Stated 
explicitly; for example, we write /descendant:a/child::b 
rather than /a/b. 

0.101) 2. Bracketed condition expressions e), where e is 
an expression that produces a number (see below), corre 
spond to position( )=e in unabbreviated Syntax. For 
example, the abbreviated XPath expression //a5), which 
refers to the fifth node (with respect to document order) 
occurring in the document which is labeled “a”, is written as 
/descendant:aposition()=5 in unabbreviated Syntax. 
0102) 3. All type conversions have to be made explicit 
(using the conversion functions string, number, and boolean, 
which we will define below). For example, we write /de 
scendant:aboolean(child::b) rather than /descendant:a 
child:b). 
0.103 Moreover, as XPath expressions may use variables 
for which a given binding has to be Supplied with the 
expression, each variable is replaced by the (constant) value 
of the input variable binding. 
0104. These assumptions do not cause any loss of gen 
erality, but reduce the number of cases we have to distin 
guish in the Semantics definition below. In particular, the 
assumptions and restrictions imposed here are purely Syn 
tactical and our invention can be easily applied to the general 
XPath language by anybody skilled in the art. 
0105 The main syntactic construct of XPath are expres 
Sions, which are of one of four types, namely node Set, 
number, String, or boolean. Each expression evaluates rela 
tive to a context c=(x, k, n) consisting of a context node X, 
a context position k, and a context size n W4). By the 
domain of contexts, we mean the Set 

0112 By slight abuse of notation, we identify these 
arithmetic and relational operations with their Symbols in the 
remainder of this paper. However, it should be clear whether 
we refer to the operation or its Symbol at any point. By JU, L1, 
It, . . . we denote location paths. 

TABLE 2 

standard semantics of location paths. 

(* location paths relative to the root node *) 
Plat(x) = Phil(root) (* composition of location paths *) 
PL/I (x) := Uypt.1kx) PI(y) 
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TABLE 2-continued 

standard semantics of location paths. 

(* “disjunction of location paths *) 
Platal(x) := P(x) UPI(x) 
(* location steps *) 
PX:tel... enlix) := begin 
S := {y XXy, ye T(t)}: 
for 1 s i s m (in ascending order) do 
S := {ye Sely, idx (y, S), ISI) = true}; 

return S; 
end; 

0113 Definition 5 (Semantics of XPath) Each XPath 
expression returns a value of one of the following four types: 
number, node set, String, and boolean (abbreviated num, 
inset, Str, and bool, respectively). Let T be an expression type 
and the semantics Ie:C->T of XPath expression e be 
defined as follows. 

0114) T((x, k, n)):=Pt(x) 
0115 position() ((x, k, n):=k 
0116) last() ((x, k, n):=n 
0117 text() ((x, k, n):=Strval(n) 

0118 For all other kinds of expressions e=Op(e.,..., e.) 
-e 

mapping a context c to a value of type T, 

(0119) Op(e1, ..., en)(c):=FOp(re, (c),..., 
(e)(c)), 

0120) where FOp: Tx . . . XT->T is called the 
effective semantics function of Op. The function P is defined 
in Table 2 and the effective semantics function F is defined 
in Table 3. 

0121 To save space, we at times reuse function defini 
tions in Table 3 to define others. However, our definitions are 
not circular and the indirections can be eliminated by a 
constant number of unfolding Steps. Moreover, we define 
neither the number operations floor, ceiling, and round nor 
the String operations concat, starts-with, contains, SubString 
before, Substring-after, Substring (two versions), String 
length, normalize-Space, translate, and lang in Table 3, but 
it is very easy to obtain these definitions from the XPath 1 
Recommendation W4). Table 3 can be considered as a 
parameterization of our invention, and changes of or addi 
tions to this table allow anybody skilled in the art to adapt 
the query language discussed here to past or future versions 
of XPath or a similar language. 
0122) The compatibility of our semantics definition 
(modulo the assumptions made in this paper to simplify the 
data model) with W4) can easily be verified by inspection 
of the latter document. 

0123. It is instructive to compare the definition of 
PL/L in Table 2 with the procedure process-location 
Step of Part I, Section B.5 and the claim regarding expo 
nential-time query evaluation made there. In fact, if the 
semantics definition of W4) (or of this section, for that 
matter) is followed rigorously to obtain an analogous func 
tional implementation, query evaluation using this imple 
mentation requires time exponential in the size of the 
queries. 
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0124 E. The Context-Value Table Principle 
0.125 The main notion that we propose at this point to 
obtain an XPath evaluation method or system with polyno 
mial-time complexity is that of a context-value table. Given 
an expression e that occurs in the input query, the context 
value table of especifies all valid combinations of contexts 
-e 

c and values V, 

TABLE 3 

XPath effective semantics functions. 

Expr. E : Operator Signature := Semantics FE 
constant number v : -> num() := v 
ArithOp : num X num > num(v1, v2) := V ArithOp V 
count : inset -> num(S) := S 
sum : nset -> num(S) = Xs to number(strval (n)) 
id: inset -> nset(S) := Us Fid(strval (n)) 
id: str -> nset(s) := deref ids(s) 
constant string s : -> stri() := S 
and : bool x bool -> bool(b,b) := b a b, 
or : bool x bool -> bool(b,b) := b v b, 
not : bool -> bool)(b) := -b 
true() : -> bool( ) := true 
false() : -> bool () := false 
RelOp: inset x inset -> bool(S,S) := 
ne. S., n e S : strval (n) RelOp strval (n) 
RelOp: inset x num -> bool (S,v) := 

in e S: to number(strval (n)) RelOp v 
RelOp: inset x str -> bool(S.s) := n e S : strval (n) RelOps 
RelOp: nset x bool -> bool (S,b) := F(boolean(S) RelOp b 
EqOp : bool x (str Unum U bool) -> bool (b.x):= 
EqOp Fiboolean(x) 
EqOp: num x (str U num) -> bool(v,x) := v EqOp Fnumber(x) 
EqOp: strx str -> bool (S1,s) := s. EqOps 
Gtop : (str Unum U bool) x (str Unum U bool) -> bool(xx) := 

Fnumber(x) GtOp Fnumber(x) 
string : num -> stricv) := to string(v) 
string : inset -> striS) := if S = () then “” else strval(first (S)) 
string : bool -> strib) := if b = true then “true’ else “false' 
boolean : str -> bool(s) := ifs z “ then true else false 
boolean : num -> bool (v) := if v z +0 and v z NaN 
en true else false 

boolean : inset -> bool (S) := if S z () then true else false 
number : str -> num(s) := to number(s) 
number : bool -> num(b) := if b=true then 1 else O 
number : inset -> num(S) := F(numberl(Fistring(S)) 

0.126 such that e evaluates to v in context c. Alterna 
tively, where appropriate, a context-value table may only 
hold a Subset of these context-value tuples, obtained by 
ignoring tuples that are of no interest in a given query 
processing Setting. 

0127. In the following, by atomic query operations, we 
mainly refer to ones at the (Small) granularity of those of 
Table 3. However, any kind of operation that can be 
executed in polynomial time in the size of its input is 
applicable. 

0128. The general context-value table principle for 
obtaining a polynomial-time technique for processing XPath 
queries is, Simply Speaking, as follows. 

0129 Given an expression e that occurs in the input p p 
query, the context-value table of especifies all valid 
combinations of contexts c and values V, Such that 
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e evaluates to v in context c. Such a table for 
expression e is obtained by first computing the 
context-value tables of the direct Subexpressions of e 
and Subsequently combining them into the context 
value table for e. 

0.130 Given that the size of each of the context 
value tables has a polynomial bound and each of the 
combination StepS can be effected in polynomial time 
(all of which we can assure in the following), query 
evaluation in total under our principle also has a 
polynomial time bound. Note that the number of 
expressions to be considered is fixed with the parse 
tree of a given query. 

0131. In the following subsections, we discuss two main 
embodiments of this principle: 
0132) 1. Bottom-up processing. The context-value table 
for expression e is obtained by first computing the context 
value tables of the direct Syntactic Subexpressions of e and 
Subsequently combining them into the context-value table 
for e. Given that the size of each of the context-value tables 
has a polynomial bound and each of the combination Steps 
can be effected in polynomial time (all of which we can 
assure in the following), query evaluation in total under our 
principle also has a polynomial time bound. Note that the 
number of expressions to be considered is fixed with the 
parse tree of a given query. 
0.133 2. Top-down processing. The computation pro 
ceeds top-down along the parse tree (expression tree) of the 
query, passing tables (or ordered lists, or “vectors', for that 
matter) of contexts down and passing up matching tables of 
values when returning from the descent. 
0134 Clearly, these are just two natural interpretations of 
the context-value table principle. Notably, we envision the 
possibility of processing XPath expressions not just via their 
Strict Syntactic Subexpressions, but also through equivalent 
but Syntactically different Subexpressions, for optimization 
CaSOS. 

TABLE 4 

Expression types and associated relations. 

Expression Type Associated Relation R 

RCC X TR 
bool RCC x {true, false 
nSet RCX 2 dom 
Str RC Cx char 
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0.135 Moreover, for similar reasons, it is also possible to 
trade Strict bottom-up or top-down navigation by adaptive 
methods and Systems which combine these two Strategies or 
use different tree navigation Strategies altogether. 

0.136 Finally, as a third embodiment, we show how 
existing XPath processors can be improved to polynomial 
time methods by incorporating the context-value table prin 
ciple into them. 

0137 E.1. Embodiment 1: Bottom-Up Evaluation of 
Xpath 

0.138. In this section, we present a semantics and a 
method for evaluating XPath queries in polynomial time 
which both use a “bottom-up' intuition. We discuss the 
intuitions which lead to polynomial time evaluation (which 
we call the “context-value table principle”), and establish the 
correctness and complexity results. 

0139) Definition 6 (Semantics) We represent the four 
XPath expression types inset, num, Str, and bool using 
relations as shown in Table 4. The bottom-up semantics of 
expressions is defined via a Semantics function 

0140) E: Expression->nset UnumustrUbool, 
0141 given in Table 5 and as 

0142 EOp(e1, ..., e,,) :={(c. FOp(V1, ... 
ceC, (c.V.)cEIe: 

, Vin) 

0.143 for the remaining kinds of XPath expressions. E 

0144) Now, for each expression e and each (X, k, n)eC, 
there is exactly one v S.t. (X, k, n, v)eEel, and which 
happens to be the value e(X, k, n)) of e on (X, k, n) (see 
Definition 5). We thus immediately get the following cor 
rectness result: 

0145 Let e be an arbitrary XPath expression, (x, k, 
n)eC a context, and v= e(X, k, n)) the value of e. 
Then, V is the unique value Such that (X, k, n, V) 
eE ICI 

0146 Query Evaluation. The idea of Procedure 7 below 
is So closely based on our Semantics definition that its 
correctness follows directly from the above correctness 
result. 

TABLE 5 

Expression relations for location paths, position (), lastO), and textO). 

Expr. E : Operator Signature 
Semantics e E 
location step X::t : -e inset 
{<xo, ko no x xxx, Xe T(t)}>|<xo, ko no e C} 
location step Ee over axis X: inset x bool -> nset 
{<xo ko, no {x e S <x, idx(x, S), ISI, true>e efiel}>|<xo, ko no S>e et El 
location path fi : inset -> nset 
Cx Sk, n : <root, k, n, Sse ef 
location path Jifa : inset x inset - inset 
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TABLE 5-continued 
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Expression relations for location paths, position(), lastO), and textO). 

0147) 

Procedure 7 (Bottom-up evaluation of XPath) 
Input: An XPath query Q; 
Output: e1Q). 
Method: 
let Tree(Q) be the parse tree of query Q; 
R := () (* a set of context-value tables *) 
for each atomic expression le leaves(Tree(Q)) do compute table ell 
and add it to R: 
while erroot (Tree(Q))) g R do begin 

take an Op(11.....l) e nodes(Tree(Q)), s.t. ell....elle R; 
compute e Op(11.....l.) using ell...,e lak 
adde Op(11.....l.) to R; 

end; 
return erroot (Tree(Q))) 

0.148. Now let Q denote an arbitrary XPath expression 
and let D be an XML document. Moreover, suppose that we 
want to evaluate Q for the context (x, k, n)eC. Then this can 
be achieved as follows: First the context-value tables of all 
Subexpressions of Q are computed via Procedure 7. Then we 
Select the quadruple (x, k, n', v) from the context-value 
table of the root of the query-tree, Such that the input context 
(X, k, n) coincides with the first three components of (x, k", 
n", v"), i.e., x=x", k=k', n=n'. Thus, by the definition of 
context-value tables, the final result of the evaluation of Q 
for the context (x, k, n) is precisely the fourth component v' 
of the selected quadruple (x', k', n', v'). Example 8 below will 
help to illustrate this method. 

TABLE 6 

Context-value tables of Example 8. 

- El- - El- - E - co 
x val x val x val x val 

b1 (b. bs, b} b1 (b. bs r (b1, b. bs, b} r (b. bs 
b2 {bs, b} b {b} a b1, b. bs, b} a b. bs 
bs {b} 

EXAMPLE 8 

0149 Consider document DOC(4) of Part I, Section B.5. 
Let dom={r, a, b, ..., b}, where r denotes the root node, 
a the document element node (the child of r, labeled a) and 

b, . . . , b, denote the children of a in document order 
(labeled b). We want to evaluate the XPath query Q, which 
reads as 

0150 descendant:b/following-sibling:: *position() 
l=last()) 

0151 over the input context (a, 1, 1). We illustrate how 
this evaluation can be done using Procedure 7: First of all, 
we have to Set up the parse tree of Q with its 6 proper 
Subexpressions E, ..., E. (see FIG. 4). Then we compute 
the context-value tables of the leaf nodes E, E, Es and E. 
in the parse tree, and from the latter two the table for E. By 
combining E and E, we obtain E, which is in turn needed 
for computing Q. The tables for E, E, E, and Q are shown 
in Table 6. Note that the k and n columns have been omitted. 
Full tables are obtained by computing the Cartesian product 
of each table with {(k,n) 1sks nsdom. 
0152 Moreover, we have 

0153) EEs={(x, k, n, k)(x, k, n)eC} 
0154) EE61={(x, k, n, n)(x, k, n)eC} 
0155) EE={(x, k, n, kzn)(x, k, n)e} 

0156 The most interesting step is the computation of 
EE from the tables for Es and E. For instance, consider 
(b1, k, n, {b-, b-s, beEEl b2 is the first, ba the Second, 
and b the third of the three siblings following b. Thus, only 
for b and b is the condition E (requiring that the position 
in set {b, b, b} is different from the size of the Set, three) 
Satisfied. Thus, we obtain the tuple (b., k, n, {b, ba) which 
we add to EE. In order to read out the final result from 
the context-value table of Q, we have to select the second 
row of this table Since this entry corresponds to the input 
context-node a. Hence, we get the final result {b, b}. 
O157 AS far as the complexity of Procedure 7 is con 
cerned, the following property can be shown: 

0158 XPath can be evaluated bottom-up in polyno 
mial time (combined complexity). 

0159) This can be seen as follows: Let Q be the size of 
the query and D be the size of the data. During the 
bottom-up computation of a query Q using Procedure 7, 
O(Q) relations (“context-value tables”) are created. All 
relations have a functional dependency from the context 
(columns one to three) to the value (column four). The size 
of each relation is O(D) times the maximum size of such 
values. The size of bool relations is bounded by O(D) and 
the size of nset relations by O(|D). 
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0160 Numbers and strings computable in XPath are of 
size O(IDIQ): “concat' on strings and arithmetic multipli 
cation on numbers are the most costly operations (w.r.t. Size 
increase of values) on Strings and numbers. Recall that for 
the conversion from a node Set to a String or number, only 
the first node in the Set is chosen. Of the String functions, 
only “concat' may produce a String longer than the input 
strings. The “translate” function of W4), for instance, does 
not allow for arbitrary but just Single-character replacement, 
e.g. for case-conversion purposes. 

0.161 Hence, the lengths of the argument values add up 
such that we get to sizes O(IDIQ) at worst, even in the 
relation representing the “top” expression Q itself. The 
overall space bound of O(IDIQ) follows. Note that no 
Significant additional amount of Space is required for inter 
mediate computations. 

0162 Let each context-value table be stored as a three 
dimensional array, Such that we can find the value for a given 
context (X, k, n) in constant time. Given m context-value 
tables representing expressions e1, . . . , e, and a context (X, 
k, n), any m-ary XPath operation Op(e, ..., e) on context 
(x, k, n) can be evaluated in time O(D-I); again, I is the size 
of the input values and thus O(IDIQ). This is not difficult 
to Verify; it only takes very Standard techniques to imple 
ment the XPath operations according to the definitions of 
Table 3 (Sometimes using auxiliary data structures created in 
a preprocessing step). The most costly operator is RelOp : 
insetxnset ebool, and this one also takes the most ingenuity. 
We assume a pre-computed table 

0163) {(n-1, n)n, needom, strval(n) RelOp str 
val(n)} 

0164 with which we can carry out the operation in time 
O(|D) given two node sets. 
0.165. It becomes clear that each of the expression rela 
tions can be computed in time O(|DDIQ) at worst when 
the expression Semantics tables of the direct Subexpressions 
are given. (The Q factor is due the size bound on Strings and 
numbers generated during the computation.) Moreover, 
O(|Q) Such computations are needed in total to evaluate Q. 
The O(D-IQ) time bound follows. 
0166 Note that contexts can also be represented in terms 
of pairs of a current and a "previous” context node (rather 
than triples of a node, a position, and a size), which are 
defined relative to an axis and a node test (which, however, 
are fixed with the query). For instance, the corresponding 
ternary context for c=(Xo, X) w.r.t. axis X and node test t is 
(X, idx (X, Y), Y), where Y={yxoxy, yeT(t)}. Thus, posi 
tion and size values can be recovered on demand. 

0167 Moreover, it is possible to represent context-value 
tables of node Set-typed expressions just as binary unnested 
relations (indeed, a construction that contains a previous 
node, a current node, and a node Set as value would represent 
two location steps rather than one). Note that to move to this 
alternative form of representation, a number of changes in 
various aspects of our construction are necessary, which we 
do not describe here in detail. Through these two changes, 
it is possible to obtain an improved worst-case time bound 
of O(IDIQ) for the bottom-up XPath query evaluation. 
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0168 E.2 Embodiment 2: Top-Down Evaluation of 
Xpath 
0169. In the previous section, we obtained a bottom-up 
Semantics definition which led to a polynomial-time query 
evaluation method for XPath. Despite this favorable com 
plexity bound, the bottom-up technique of Embodiment 1 
can be further improved, Since usually many irrelevant 
intermediate results are computed to fill the context-value 
tables which are not used later on. Next, building on the 
context-value table principle of Section E. 1, we develop a 
top-down evaluation method based on vector computation 
for which the favorable (worst-case) complexity bound 
carries over but in which the computation of a large number 
of irrelevant results is avoided. 

0170 Given an m-ary operation Op: D"->D, its vector 
ized version Op(): (D')"->D is defined as 

0171 Op()(x11, . . . , X1), . . . , (x1, . . . . 

0172 For instance, (X, . . . , X)U()(Y, . . . , 
Y):=(XUY, . . . , XUY). Let 

(0173 S: LocationPath->List(2")->List(2") 
0.174 be the auxiliary semantics function for location 
paths defined in Table 7. We basically distinguish the same 
cases (related to location paths) as for the bottom-up Seman 
tics E.T. Given a location path TL and a list IX1, . . . . 
X of node sets, S determines a list (Y,.. ., YI of node 
Sets, S.t. for every 

TABLE 7 

Top-down evaluation of location paths. 

(-): location paths relative to the root node :) 
SIf I(X1, ..., Xk):= St (root}, ..., root) 

k times 

(: composition of location paths :) 
SIt f 2I(X1, ..., X) := SIt2(SIt I(X1, ..., Xk)) 
(: "disjunction of location paths ;) 

S. It | 721 (X1, ..., Xk):= S. It I(X1, ..., X.) U (SIt2DCX1, ..., Xk)) 
(-): location steps :) 
SLY::tel... em(X1, ..., Xk):= 

begin 
k 

S := {(x, y) X 6 U. X, X y, and ye T(t)}: 

for each 1 s is m (in ascending order) do 
begin 

for each X, let S = {Z (X,Z) e S; 
for (x, y) e S, 

let Cts (x, y) = (y, idxy (y, S.), ISI); 
T:= Cts (x, y) (x, y) e S}; 
let T = {t1,..., t:(: we fix some order on T :) 

for each 1 s is k do 

Ri := {y (x, y) e S, Xe X; 

return (R1, ..., Rk); 
end; 
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0175 ie {1, ... k}, the nodes reachable from the context 
nodes in X. Via the location path at are precisely the nodes in 
Y, STI can be obtained from the relations ET as 
follows. A node y is in Y; if there is an xeX, and such that 
(x, p, S, y)eEIT for Some numbers p and S. 
0176) Definition 9 The semantics function E for arbi 
trary XPath expressions is of the following type: 

(0177) E: XPathExpression->List(C)->List(XPath 
Type) 

0.178 Given an XPath expression e and a list (c., • • • 3 

c) of contexts, E determines a list (r1, ..., r) of results 
of one of the XPath types number, String, boolean, or node 
set. E is defined as 

., {x}) 
0180 Eposition() ((x1, .ki, n.1),..., (xj, k, n)):=(k1, 

. . . . k.) 
0181) Elast()((x1, .ki, n.1), . . . , (xj, k, n)):=(n1, .. 

... n.) 
0182 Etext( ) I((x1, k1, n.1), . . . , (x1, .ki, 
n):=(strval(X), . . . , strval(X))and 

(0183) EOp(e1, ..., e...) (c. . . . 
(EIein( c1, . . . . . . EIe, I(c 1: . . . 

., c):=FOp() 
, C ), s c)) 

0184 for the remaining kinds of expressions. i 

EXAMPLE 10 

0185 Ee, ArithOp e-I(c. • • • 9 c):=Elecci, 

., c.) ArithOp()Eyes (c. . . . . , c) 
0186 E count(e)(c. . . . , c):=count()(E Ie ( 
c,..., c)) 

(0187 ERelOp es: numxnum-booly(c. • • • 3 

c):=EIe (c. • • • 3 c) RelOp()E es?e, • • • • 9 
-e 

c) 

EXAMPLE 11 

0188 Consider the XPath query 
0189 /descendant:acount(descendant:b/child::c)+ 
position()<last()/child::d 

0190. Let L=(y, 1, 1), ... (y, 1, 1)), where they are those 
nodes reachable from the root node through the descendant 
axis and which are labeled “a”. The query is evaluated 
top-down as 

0191) Schild:d(SIdescendant:ael({root})) 
0192 where EleCL) is computed as 

0193 FIcount()(t)+()E position( ) 
Elast() (L) and 

0194 T-Schild::c(SIdescendant:b({y}, . . . . 
{y})). 

0.195. Note that the arity of the tuples used to compute the 
outermost location path is one, while it is 1 for e. 
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EXAMPLE 12 

0196) Given the query Q, data, and context (a, 1, 1) of 
Example 8, we evaluate Q as EQ((a, 1, 1))=SE 
(SIdescendant:b({a})). Again, E is the Subexpression 

0197) following-sibling:: *position() =last()). 
(0198 First, we obtain Sdescendant:b({a})=({b, be, 
ba, b}). To compute the location step SE(({b, b. bs, 
b})), we proceed as described in the method of Table 7. We 
initially obtain the set 

0199. S={(b, b), (b1, ba), (b1, b), (b2, ba), (b2, b), 
(ba, b)} 

0200 and the list of contexts f=(b., 1,3), (bs, 2,3), (b, 
3, 3), (bs, 1, 2), (b., 2, 2), (b., 1, 1)). 
0201 The check of condition E returns the filter 

0202) r=(true, true, false, true, false, false). 
0203 which is applied to S to obtain 

0204) S={(b, b2), (b1, ba), (b2, b)} 
0205 Thus, the query returns (b,b). 
0206. The correctness of the top-down semantics follows 
immediately from the corresponding result in the bottom-up 
case and from the definition of S and E. We thus have: 

0207 Let e be an arbitrary XPath expression. Then, 

(v1,...,v)=Ele(c1, ... c.), if and only if (c. 
V1), . . . . (c. V)eEIe 

0208) S and E can be immediately transformed into 
function definitions in a top-down evaluation method. We 
thus have to define one evaluation function for each case of 
the definition of S and E, respectively. The functions 
corresponding to the various cases of S have a location path 
and a list of node sets of variable length (X, . . . , X) as 
input parameter and return a list (R, . . . , R) of node sets 
of the same length as result. Likewise, the functions corre 
sponding to E take an arbitrary XPath expression and a list 
of contexts as input and return a list of XPath values (which 
can be of type num, Str, bool or nset). Moreover, the 
recursions in the definition of S and E. correspond to 
recursive function calls of the respective evaluation func 
tions. 

0209 Now Suppose that we want to evaluate an arbitrary 
XPath expression Q over some XML document D for some 
context (x, k, n)eC. Then we would simply have to call the 
functional implementation of E Q(c) with c=(x, k, n). 
The return value of this function call is the desired result of 
this XPath evaluation. 

0210 Analogously to the complexity of the bottom-up 
procedure from Section E.1, the following property of the 
top-down evaluation method can be shown: 

0211 The immediate functional implementation of 
E evaluates XPath queries in polynomial time 
(combined complexity). 

0212 Finally, note that using arguments relating the 
top-down method of this Section with (join) optimization 
techniques in relational databases, one may argue that the 
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context-value table principle is also the basis of the above 
mentioned polynomial-time bound of the top-down evalu 
ation method. 

0213 E.3 Embodiment 3: Improving Existing Xpath 
Processors 

0214) Those skilled in the art will recognize that an 
embodiment of the disclosed invention can also be obtained 
from an existing method or System for evaluating XPath 
queries Such as, e.g., IE6, Saxon, Xalan-C++, Xalan-Java, 
XT (cf. H1, H2,H3, H4), etc. by improving said systems 
as follows: 

0215. During the evaluation process of some input XPath 
query Q, all of the existing methods or Systems repeatedly 

-e -e 

evaluate Subexpressions e of Q for contexts ceC, where c 

is of the form c=(x, k, n) for Some context-node X, context 
position I, and context-Size n. In contrast to the method 
described in this document, the existing methods and SyS 
tems, in general, do the evaluation of the same Subexpres 
Sione of Q for the same context ceC more than once. This 
is the very reason why their time complexity is, in general, 
exponential. By incorporating data Structures analogous to 
the context-value tables described in Section E.1, multiple 
evaluations of the same Subexpression e of Q for the same 
context ceC can be avoided, thus reducing the time com 
plexity to polynomial time. The data structures used for this 
purpose will be referred to as “data pool'. It contains triples 

of the form (e. c. V), where e is a Subexpression of the input 
XPath query Q, ceC is a context, and v is the result value 
obtained when evaluating e for the context c. In other 

-e 

terms, (c, V) can be considered as a row in the context 
value table corresponding to e. Initially, the data pool is 
empty, i.e., it contains no Such triples. 

0216) 
Subexpression e for the same context c is done more than 
once, we have to add two further components to the existing 
methods and Systems, namely a “storage procedure” and a 
“retrieval procedure”. Prior to the evaluation of any Subex 

In order to guarantee that no evaluation of the same 

pression e for any context c, the retrieval procedure is 

called, which checks whether a triple (e', c, v) with e=e' 
and c= c- already exists in the data pool. If this is the case, 
then the result value v of e for the context c is returned 
without further computation. On the other hand, after the 
evaluation of any Subexpression e for any context e yield 
ing the result value V, the Storage procedure Stores the triple 

(e, c. V) in the data pool. 
0217 Let the basic evaluation step of an existing method 
or System be referred to as "atomic-evaluation', which takes 
an XPath expression e and a context c as an input and 
returns the corresponding result value V. Then this "atomic 
evaluation' simply has to be replaced by the following 
procedure based on the context-value table principle: 
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Procedure 13 (Improved Basic Evaluation Step) 
Input: An XPath expressione and a context c. 
Output: The result value v of e for the context c. 
Method: 
function atomic-evaluation-CVT (e., c) 
begin 
/* retrieval procedure */ 

if there exists a v, s.t. <e, c, Vc is in the data pool then 
return w; 

else begin 
f basic evaluation step of the existing method or system */ 

V := atomic-evaluation (e., c); 
f storage procedure */ 

store <e, c, Vc in the data pool; 
f return the result if 

return w; 
end; 

end; 

0218. Analogously to the Sections E.1 and E.2, we get the 
following complexity result: 

0219. The complexity of existing methods and sys 
tems for evaluating XPath queries can be reduced to 
polynomial time, if each execution of the basic 
evaluation step "atomic-evaluation (e, c)" is 
replaced by the corresponding Step "atomic-evalua 
tion-CVT (e, c)" according to Procedure 13 above. 

0220 F Core Xpath and Xpatterns 
0221 F.1 Embodiment 4: Linear Time Evaluation of 
Core Xpath 
0222. In this section, we define a fragment of XPath 
(called Core XPath) which constitutes a clean logical core of 
XPath. The only objects that are manipulated in this lan 
guage are sets of nodes (i.e., there are no arithmetical or 
String operations). Besides from these restrictions, the full 
power of location paths is Supported, and So is the matching 
of Such paths in condition predicates (with an “exists’ 
Semantics), and the closure of Such condition expressions 
with respect to boolean operations “and”, “or', and “not”. 
0223) We define a mapping of each query in this language 
to a simple algebra over the set operations ?h, U, -, X (the 
axis functions from Definition 2), and an operation 

dom 
- (S) := {x e dom roote S, 
rOOt 

dom 
i.e. --(S) 

rOOt 

0224 
0225. Note that each XPath axis has a natural inverse: 
Self'=self, child'-parent, descendant'=ancestor, descen 
dant-or-Self'-ancestor-or-self, following'-preceding, and 
following-sibling'-preceding-sibling. Then the following 
relation between axes and inverse axes can be proved by a 
very easy induction. 

is dom if rooteS and 0 otherwise. 
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0226 Let X be an axis. For each pair of nodes X, yedom, 
XXy if yxx. 
0227 Definition 14 Let the (abstract) syntax of the Core 
XPath language be defined by the EBNF grammar 

0228 
0229) 
0230) 
0231 pred: pred' and predpred'or prednot"(pred 

) cxp ( pred) 
0232 “cxp” is the start production, X stands for an axis 
(see above), and t for a “node test” (either an XML tag or 
“*”, meaning “any label”). The semantics of Core XPath 
queries is defined by a function S 

cxp: locationpath / locationpath 
locationpath: locationstep ( / locationstep)* 
locationstep: X::y: t pred 

dom 
S. It := -- (S. It) 

OOt 

ele1 and e2 := ele11 ?ele2I 

£e or e2 := eel? ele2 

enot (e) := dom-se 

e17 := S. It 

0233 where No is a set of context nodes or dom and a 
query TL evaluates as S.T(No). 

EXAMPLE 1.5 

0234) The Core XPath Query 

0235 /descendant:a/child::bchild::c/child::d or not 
(following:*) 

0236) is evaluated as specified by the query-tree depicted 
in FIG. 5. 

0237 (Note that there are alternative but equivalent 
query-trees due to the associativity and commutativity of 
Some of our operators.) 
0238) The semantics of XPath and Core XPath (defined 
using S., S., and E) coincide in the following way: 

0239 Let It be a Core XPath query and NCdom be 
a set of context nodes. Then, 

0242 (S (t(No))))=ST((N)). 
0243 This can be shown by easy induction proofs. Thus, 
Core XPath (evaluated using S ) is a fragment of XPath, 
both Syntactically and Semantically. Moreover, for the com 
plexity of our evaluation method of Core XPath, we get: 
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0244 Core XPath queries can be evaluated in time 
O(IDIQ), where D is the size of the data and Q is 
the size of the quer. 

0245. This property can be shown as follows: Given a 
query Q, it can be rewritten into an algebraic expression E 
over the operations X, U, ?h, -, and 

dom 
rOOt 

0246 using S., S., and E in time O(IQ). Each of the 
operations in our algebra can be carried out in time O(D). 
Since at most O(Q) Such operations need to be carried out 
to process E, the complexity bound follows. 
0247 F.2 Embodiment 5: Linear Time Evaluation of 
Xpatterns 

0248 We extend our linear-time fragment Core XPath by 
the operation id: nset->nset of Table 3 by defining “id” as an 
axis relation 

0249) 
0250 Queries of the form L/id(t)/ts are now treated as 
JL/TL/id/t. 

id:={(x,x)xedom, xederef ids(strval(X))} 

0251 Then, analogously to Section F. 1, the following 
relationship between the semantics functions S and S - 
holds: 

(0252) Let L/id(t)/t, be an XPath query s.t. ti?t/ 
id/L is a query in Core XPath with the “id” axis. 
Then, the Semantics of the two queries relative to a 
Set of context nodes Noedom coincide, 
SITL/id(t)/ts((No))=SITL/12/id/1(No). 

0253 Likewise, the complexity result from Section F.1 
can be extended to CorexPath plus the “id” axis, namely: 

0254 Queries in Core XPath with the “id” axis can 
be evaluated in time O(IDIQ) 

0255 The crucial part to see this complexity bound is an 
appropriate definition of a function id: 2"->2" and its 
inverse consistent with the functions of Definition 2 which 
is computable in linear time. We make use of a binary 
auxiliary relation “ref” which contains a tuple of nodes (x, 
y) if the text belonging to X in the XML document, but 
which is directly inside it and not further down in any of its 
descendants, contains a whitespace-separated String refer 
encing the identifier of node y. 

0256 Example. Let id(i)=n. For the XML document 
(tid=1) 3 (tid=2) 1 (/t)(tid=3) 12 (/t)(/t), we have 
ref:={(n1,ns), (n2, n.1), (n3, n.1), (n3, n.2)}. 

0257 “ref can be efficiently computed in a preprocess 
ing Step. It does not Satisfy any functional dependencies, but 
it is guaranteed to be of linear Size w.r.t. the input data 
(however, not in the tree nodes). Now we can encode id(S) 
as those nodes reachable from S and its descendants using 
“ref. 

0258) id(S):={yxedescendant-or-self(S), (x, y)eref} 
0259) id'(S):=ancestor-or-self({x(x,y)eref, yeS}) 
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0260 This computation can be performed in linear time. 
0261 We may define XPatterns as the smallest language 
that subsumes Core XPath and the XSLT Pattern language of 
W3 (see also S5 for a good and formal overview of this 
language) and is (Syntactically) 

TABLE 8 

Some unary predicates of XLST Patterns W3. 

“(an”, “(a)*”, “text()”, “comment()”, “pi(n), and 
“pi( ) (where n is a label) are simply sets provided with 
the document (similar to those obtained through the 
node test function T). 
"=s' (s is a string) can be encoded as a unary predicate 
whose extension can be computed using string search in 
the document before the evaluation of our query starts. 
Clearly, this can be done in linear time. 

first-of-any := {y 6 dom Ax : nextsibling(x,y)} 
last-of-any := {x e dom | By : nextsibling(x,y)} 

"id(s) is a unary predicate and can easily be computed 
(in linear time) before the query evaluation. 

0262 contained in XPath. Stated differently, it is obtained 
by extending the language of W3 without the first-of-type 
and last-of-type predicates (which do not exist in XPath) to 
support all of the XPath axes. As pointed out in the intro 
duction, XPatterns is an interesting and practically useful 
query language. It can be shown that XPatterns queries have 
the following computational property: 

0263) Let D be an XML document and Q be an 
XPatterns query. Then, Q can be evaluated on D in 
time O(IDIQ). 

0264. This property is essentially due to the following 
fact: XPatterns extends Core XPath by the “id” axis and a 
number of features which are definable as unary predicates, 
of which we give an overview in Table 8. It becomes clear 
by considering the semantics definition of S5) that after 
parsing the query, one knows of a fixed number of predicates 
to populate, and this action takes time O(D) for each. Thus, 
Since this computation precedes the query evaluation 
which has a time bound of O(DQI)-this does not pose a 
problem. “id(s) (for Some fixed Strings) may only occur at 
the beginning of a path, thus in a query of the form id(s)/L, 
It is evaluated relative to the set id(s) just as, say, root} is 
for query / L. 

0265 Let X be a finite set of all possible node names that 
a document may use (e.g., given through a DTD). Note that 
the unary first-of-type and last-of-type predicates can be 
computed in time O(DIX) when parsing the document, but 
are of size O(D): 

first-of-type() := U (T(l) - nextsibling" (T(l))) 
leX. 

last-of-type() := U (T(l) - (nextsibling')" (T(t))) 
leX. 

0266 where R+=R.R*. 
0267 GEmpiric Results 
0268. In the previous sections, we presented the first 
XPath query evaluation methods and Systems that run in 
polynominal time with respect to the size of both the data 

13 
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and of the query. Our results will empower Xpath engines to 
be able to deal efficiently with very sophisticated queries. 
0269. We have made a main-memory implementation of 
the top-down evaluation method of Section E.2. Table 9 
compares it to IE6 along the assumptions made in Experi 
ment 2 (i.e., the queries of which were strictly the most 
demanding of all three experiments). It shows that our 
method and System Scales linearly in the size of the queries 
and quadratically (for this class of queries) in the size of the 
data. 

TABLE 9 

Benchmark results in seconds for IE6 vs. our implementation (“New'), 
On the queries of Experiment 2 and document sizes 10, 20, and 200. 

IE6 IE6 IE6 New New New 
IQ 1O 2O 2OO 1O 2O 2OO 

1. O O O.O2 
2 2 O O O.05 
3 346 O O O.O6 
4 1. O O O.O7 
5 21 O O O.10 
6 5 4O6 O O.O1 O.11 
7 42 O.O1 O.O1 O.13 
8 437 O O.O1 O16 

16 O.O1 O.O2 O.30 

What is claimed is: 
1. A method for evaluation of XPath expressions over 

XML documents, where said method applied to an input 
XPath expression, called input query, comprises: 

(a) using one or more data structures for computing and 
Storing results of evaluations of Subexpressions of Said 
input query with respect to a plurality of contexts, 
whereby multiple evaluations of a Subexpression with 
respect to a Same context are avoided, and 

(b) computing a result of Said evaluation of Said input 
query by building and combining evaluations of Said 
Subexpressions, according to an order induced by a 
hierarchical Structure of Said input query; 

whereby XPath expressions can be efficiently evaluated 
over XML documents. 

2. The method of claim 1, where Said input query is 
variable-free and is formulated in an XML query language 
known as XPath 1.0 whereby variable-free XPath expres 
Sions formulated in Said query language can be evaluated in 
time polynomial in the sum of the size of an XPath expres 
sion to be evaluated and the size of an underlying XML 
document over which Said query is to be evaluated. 

3. The method of claim 1, where Said input query is 
embedded in a program and is to be executed during a run 
of Said program relative to a context determined by Said 
program, Said context determining at least: 

(a) a context node referring to an element of an XML 
document where said XML document constitutes an 
input document over which Said input query is to be 
evaluated, 

(b) a context position given by an integer, 
(c) a context size given by an integer, 
(d) a set of variable bindings. 
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4. The method of claim 3, where said program is written 
in a language from a group comprising XSL, XSLT, XSL 
FO, and XOUERY. 

5. The method of claim 1, where said input query is a 
stand alone variable-free XPath query. 

6. The method of claim 1, where Said input query is 
variable-free and arises from an execution of a query embed 
ded in a program where Said input query is obtained from 
Said embedded query by replacing all variables of Said input 
query with constants according to a variable-binding of a 
context provided by Said program. 

7. The method of claim 1 comprising 

(a) receiving an XML document, called input XML docu 
ment, whose elements according to a document object 
model are here referred to as XML-nodes; 

(b) receiving said input query to be evaluated over said 
XML document; 

(c) parsing said input query and producing from it a 
hierarchical data Structure, called query-tree, contain 
ing a plurality of nodes, called query-tree-nodes, 

(d) constructing for each of said query-tree-nodes in said 
query-tree, a data structure, called a context-value 
table, Said context-value table containing Zero or more 
entries, where said context-value tables are constructed 
in Some order induced by a hierarchical Structure of 
Said query-tree, and 

(e) finding a result of said query evaluation in one or more 
entries of Said context-value tables. 

8. The method of claim 7, where said input query is 
embedded in a program and is evaluated with respect to a 
context provided by Said program where Said context con 
tains a variable-binding assigning constants to variables 
occurring in Said input query and where Said variables are 
replaced by constants according to Said variable-binding at 
a processing phase Selected from a group of processing 
phases comprising: 

(a) a phase before converting said input query into said 
query-tree, 

(b) a phase between the conversion of Said input query 
into Said query-tree and the construction of Said con 
text-value tables, and 

(c) a phase consisting of the construction of Said context 
value tables. 

9. The method of claim 7, where said query-tree is 
implemented according to one method of a group of imple 
mentation methods comprising: 

(a) implementing and storing a query-tree as an explicit 
data Structure or as part of Such a structure, wherein 
query-tree-nodes are explicitly represented, 

(b) implementing a query-tree as an implicit data structure 
or part of Such by using one or more procedures that 
dynamically compute query-nodes on demand, and 

(c) implementing a query-tree as a hybrid data structure. 
10. The method of claim 7, where each of Said context 

value tables is implemented according to one method of a 
group of implementation methods comprising: 
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(a) implementing and storing a context-value-table as an 
explicit data Structure or as part of Such a structure, 
wherein the entries assigned to each query-tree-node 
are explicitly represented, 

(b) implementing a context-value table as an implicit data 
Structure or part of Such by using one or more proce 
dures that dynamically compute on demand the entries 
assigned to each query-tree-nodes as output, and 

(c) implementing a context-value table as a hybrid data 
Structure, where Some of the entries assigned to query 
tree-nodes or parts of Said entries are explicitly repre 
Sented while others or parts of others are dynamically 
computed as an output of one or more procedures. 

11. The method of claim 7 comprising in addition the step 
of parsing Said XML document and representing it as a 
hierarchical tree-shaped data structure, called XML-docu 
ment-tree, Said XML-document-tree consisting of a plurality 
of nodes, called XML-tree-nodes. 

12. The method of claim 7, where said XML document is 
already available in form of a data Structure. 

13. The method of claim 7 where said query-tree-nodes 
represent Subentities of a query, called tree-query, which is 
Semantically equivalent to Said input query, and where a 
hierarchical relationship among Said query-tree-nodes in 
Said query-tree reflects a hierarchical relationship among 
Said Subentities of Said tree-query, and where Said Subentities 
are Selected from a group comprising: 

(a) said tree-query itself, 
(b) proper Subqueries of Said tree-query, 
(c) predicates occurring in Said tree-query, 
(d) atomic Subexpressions of Said tree-query, 
(e) other Subexpressions of said tree-query. 
14. The method of claim 13, where a top query-tree-node 

of Said query-tree represents said tree-query and where each 
Subexpression of Said tree-query is represented by a query 
tree-node of Said query-tree and where immediate Subex 
pressions of a Subexpression represented by a query-tree 
node are represented by query-tree-nodes which are hierar 
chically immediately Subordinate to Said query-tree node in 
Said hierarchical data Structure constituting Said query-tree. 

15. The method of claim 14, where said hierarchical 
relationship among Said query-tree-nodes of Said query-tree 
corresponds to a parse tree of Said tree-query. 

16. The method of claim 14, where said input query is 
equal to Said tree-query and where Said query-tree Structur 
ally corresponds to a parse tree of Said input query. 

17. The method of claim 14, where said tree-query is 
obtained from Said input query after Some preprocessing. 

18. The method of claim 17, where said pre-processing 
contains at least one Step Selected from a group of Steps 
containing: 

(a) transforming said input query into an equivalent query 
in unabbreviated XPath syntax; 

(b) replacing a numeric expression occurring within a 
predicate Subexpression of Said input query, Said 
numeric expression not being an operand of an opera 
tion or a comparison predicate, with an equation equat 
ing Said numeric expression with a position atom 
referring to a position of a context in which Said 
predicate is to be evaluated; 
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(c) replacing implicit type conversions with explicit type 
conversions using appropriate type conversion func 
tions provided by XPath; and 

(d) replacing variables occurring in Said input query with 
values provided by an input variable binding. 

19. The method of claim 18, where, in said pre-process 
ing, the Steps in Said group of Steps are applied repeatedly in 
Some order until none of Said StepS is further applicable, 
thereby transforming Said input query into a normalized 
query where said normalized query adheres or corresponds 
to unabbreviated XPath Syntax, contains no numeric expres 
Sions not being an operand of Some operation or comparison 
predicate, contains no implicit type conversions, and con 
tains no variables. 

20. The method of claim 17, where said pre-processing is 
done at a Syntactic level and yields as result an XPath query 
which is further transformed into Said tree-query. 

21. The method of claim 17, where Said preprocessing is 
done at a data representation level and yields as result a data 
Structure representing an XPath query. 

22. The method of claim 13, where each query-tree-node 
of Said query-tree is associated with an operation, Said 
operation corresponding to a top level operator or predicate 
of Said Subentity of Said tree-query represented by Said 
query-tree-node and where said operation belongs to a group 
of operations comprising: 

(a) node-set-type operations whose results range over 
node sets of the XML-nodes of said XML-document, 

(b) number-type operations whose results are numeric, 
(c) String-type operations, whose results are Strings, and 
(d) Boolean-type operations, whose results are of Boolean 

value. 
23. The method of claim 22 where for each query-tree 

node representing a compound Subentity of Said tree-query, 
a context-value table associated with Said query-tree-node is 
built from context-value tables associated with nodes rep 
resenting Subentities of Said tree-query at a next lower 
hierarchical level and which are contained in Said compound 
Subentity, by using a procedure corresponding to Said opera 
tion associated with Said query-tree-node. 

24. The method of claim 23 where said entries of each 
context-value table contain pairs consisting of contexts and 
values, where a value is of a type contained in a group of 
types comprising nodeset, numeric, String, and Boolean, 
where a value of type nodeset represents an ordered set of 
XML-nodes from said input XML document. 

25. The method of claim 24, where each of Said contexts 
contains a context node and Zero or more further elements 
from a list of posible context elements comprising a context 
size, a context position, a set of variable-bindings. 

26. The method of claim 24, where said procedure com 
putes Said context-value table associated with Said query 
tree-node from context-value tables associated with nodes 
representing Subentities of Said tree-query node according to 
the following principles: 

(a) said context-value table associated with said query 
tree-node is obtained as a Set of entries, each consisting 
of a pair of a context and a value; 

(b) for each context, said context-value table contains at 
most one entry containing Said context; 
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(c) each of Said entries comprises a pair of a context and 
a value and is obtained by an appropriate computation 
on input consisting of Said context and Said context 
value tables of Said Subentities of Said query-tree-node, 
Said computation matching an XPath Semantics of Said 
operation corresponding to Said query-tree-node. 

27. The method of claim 26, where, in one possible 
embodiment, Said procedure computes Said context-value 
table associated with Said query-tree-node according to 
Some principles, including: 

(a) if said operation corresponds to a node set union, 
denoted by “” in XPath, then said context-value table 
asSociated with Said query-tree-node is obtained as a Set 
of entries, where each Said entry is a pair of a context 
and an XML-nodeset value Such that a value for one 
context consists of a union of the XML-nodeset values 
asSociated, through pairing, to Said context in Said 
context-value tables associated with the nodes repre 
Senting Subentities of Said tree-query node, 

(b) if Said operation corresponds to a simple location step 
consisting of an axis relation and a node test, then Said 
context-value table associated with Said query-tree 
node is obtained as a set of entries, where each Said 
entry is a pair of a context and an XML-nodeset value 
Such that the value for one context consists of the Set of 
XML-nodes that are reachable from the context node 
via the axis relation of Said Simple location Step and 
match the node test of Said Simple location Step; 

(c) if said operation corresponds to a restriction of a 
location Step by an XPath predicate in Said input query, 
then Said context-value table associated with Said 
query-tree-node is obtained as a Set of entries, where 
each entry of Said Set of entries is a pair of a context, 
called reference context, and an XML-nodeset value, 
said value consisting of the set of XML-nodes such that 
each element XML-node of Said Set occurs in a context 
component of an entry of the context-value table asso 
ciated with the query-tree-node representing the imme 
diate predicate Subexpression of Said XPath predicate, 
where the value component of Said entry is the boolean 
value “true” and where said context component further 
contains a position and a size Such that: 
Said position identifies the position of Said element 
XML-node among the nodes in the value-component 
of a specific entry of the context-value table associ 
ated to the direct location-path Subexpression of Said 
restriction of Said location Step, Said specific entry 
having as context-component Said reference query 
tree-node and where said position is determined with 
respect to document order in case Said location Step 
has a forward axis as principal axis and in reverse 
document order in case of Said location Step has a 
backward axis as principal axis, and 

Said Size matches the size of the value-component of 
Said Specific entry; 

(d) if said operation corresponds to a composition of 
location paths, then Said context-value table associated 
with Said query-tree-node is obtained as a Set of entries, 
where each Said entry, called Start entry, is a pair of a 
context and a XML-nodeset value, where Said context 
consists of a context node from a Start context of Said 
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context-value table associated with the left direct Sub 
expression and an arbitrary but reasonably restricted 
context position and size, and Said XML-nodeset value 
is the union of the nodeset values in entries of the 
context-value table associated with the right direct 
Subexpression for which the context-node appears in 
the XML-nodeset value of the start entry; 

(e) if Said operation is an XPath position() statement, then 
Said context-value table associated with Said query 
tree-node is obtained as a set of entries, where each Said 
entry is a pair of a valid context and its context position 
as value; 

(f) if said operation is an XPath last() statement, then said 
context-value table associated with Said query-tree 
node is obtained as a set of entries, where each Said 
entry is a pair of a valid context and its context size as 
value; 

(g) if said operation corresponds to a "root location step, 
then Said context-value table associated with Said 
query-tree-node is obtained as a set of entries, where 
each Said entry is a pair of a valid context and an 
XML-nodeset, where Said nodeset appears in an entry 
of the context-value table associated with the direct 
location-step Subexpression and that entry has the 
document root node as context-node, 

(h) if said operation is an XPath “count” statement, then 
Said context-value table associated with Said query 
tree-node is obtained as a set of entries, where each Said 
entry is a pair of a valid context, called result context, 
and an number value, Such that in the context-value 
table associated with the query-tree-node representing 
the immediate Subexpression of Said count Statement, 
there is an entry whose context equals said result 
context and whose value-component is an XML 
nodeset having Said number value as cardinality; 

(i) if said operation is an XPath number constant state 
ment, with a given number, then Said context-value 
table associated with Said query-tree-node is obtained 
as a set of entries, where each Said entry is a pair of a 
valid context and Said number as value; 

(j) if said operation is an XPath arithmetic addition 
Statement, with a given number, then Said context-value 
table associated with Said query-tree-node is obtained 
as a set of entries, where each Said entry is a pair of a 
valid context and a number value Such that there is an 
entry in the context-value table associated with the left 
direct Subexpression of Said addition Statement and an 
entry in the context-value table associated with the 
right direct Subexpression of Said addition Statement 
that both have said context and for which the Sum of 
their number values equals Said number; 

(k) if Said operation is an XPath less-than comparison 
Statement, with a given number, then Said context-value 
table associated with Said query-tree-node is obtained 
as a set of entries, where each Said entry is a pair of a 
valid context and a boolean value Such that there is an 
entry in the context-value table associated with the left 
direct Subexpression and an entry in the context-value 
table associated with the right direct Subexpression that 
both have said context and for which the left number 
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value is Smaller than the right number value if and only 
if Said boolean value is true; 

(l) if said operation is another statement, then said con 
text-value table associated with Said query-tree-node is 
obtained as a Set of entries, where each said entry is a 
pair of a valid context and a value which is computed 
according to an XPath Standard Semantics of Said 
Statement. 

28. The method of claim 24, where each context-value 
table contains all possible entries that can be constructed 
according to Said method. 

29. The method of claim 24, where each context-value 
table contains at least all possible entries contributing to 
constructing Some result of Said input query, whereby a 
complete answer to Said input query can Still be obtained 
while irrelevant entries in context tables can be omitted. 

30. The method of claim 29, where said entries are 
restricted by a top-down pre-processing of Said query-tree 
preceeding the bottom-up construction of Said context-value 
tables, determining for each query-tree-node a Set of poten 
tial entries containing all relevant possible entries. 

31. The method of claim 24, where, after having accom 
plished the construction of Said context-value tables, a result 
of Said evaluation of Said input query is determined by a 
plurality of values, where said values are all of a type 
Selected from a group of types comprising: XML-nodesets, 
numbers, Strings, and Boolean values, and where Said values 
are contained in the context-value table associated with the 
hierarchically highest query-tree-node of Said query-tree. 

32. The method of claim 7, where for each said query 
tree-node, Said context-value table contains a result of an 
evaluation of a part or the totality of Said input query with 
respect to Zero or more contexts, where a context is Selected 
from a group containing: 

(a) a simple context consisting of an XML-node of Said 
XML document, and 

(b) a complex context consisting of a combination of an 
XML-node of said XML document, a position, and a 
size, where Said position is an integer intended for 
expressing a position of Said XML-node in an ordered 
Set of XML-nodes, and Said size is an integer intended 
to express a cardinality of a Set of XML-nodes, 

whereby, Said input query can be efficiently evaluated by 
avoiding multiple evaluation of a part of Said input 
query for a Same context. 

33. The method of claim 13, where for each query-tree 
node of Said query-tree, Said context-value table for Said 
query-tree-node contains a result of an evaluation of a 
tree-query Subentity represented by Said query-tree-node 
with respect to Zero or more contexts, where a context is 
Selected from a group containing: 

(a) a simple context, consisting of an XML-node of Said 
XML document, and 

(b) a complex context consisting of a combination of an 
XML-node of said XML document, a position, and a 
size, where Said position is an integer intended for 
expressing the position of Said XML-node in an 
ordered set of XML-nodes, and Said size is an integer 
intended to express a cardinality of a set of XML 
nodes. 
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whereby, Said tree query and, equivalently, Said input 
query can be efficiently evaluated by avoiding a mul 
tiple evaluation of a part of Said tree-query for a same 
COnteXt. 

34. The method of claim 7, where said order induced by 
Said Structure of Said query-tree is an order processing a 
node of Said query-tree before processing a hierarchically 
higher node in Said query-tree, thereby generating a bottom 
up traversal of Said query-tree. 

35. The method of claim 33, where said order induced by 
Said Structure of Said query-tree is an order processing a 
node representing a Subentity of Said tree-query only after 
having processed all nodes representing all Subentities con 
tained in the former Subentity, thereby generating a bottom 
up traversal of Said query-tree. 

36. The method of claim 35, where for each query-tree 
node representing a compound Subentity of Said tree-query, 
a context-value table associated to Said query-tree-node is 
built from context-value tables associated with the nodes 
representing Subentities of Said tree-query at a next lower 
hierarchical level and which are contained in Said compound 
Subentity. 

37. The method of claim 35, where each query-tree-node 
of Said query-tree is associated with a top level operation of 
a Subentity of Said tree-query, and where entries of each 
context-value table of Said query-tree-node contain pairs 
consisting of contexts and values, where Said values belong 
to a group including XML-nodesets, numbers, character 
Strings, and Boolean values. 

38. A method as in claim 7, wherein said order induced by 
said hierarchical structure of said query-tree for constructing 
Said context-value tables is an order processing a node of 
Said parse tree before processing a child node of Said node 
in Said parse tree, thereby generating a top-down traversal of 
Said parse tree. 

39. The method of claim 1, where said data structures 
maintain information on contexts. 

40. The method of claim 1, where said input query is first 
transformed into a hierarchical data Structure, called query 
tree, Said query-tree representing a hierarchical XML-query, 
called tree-query, equivalent to Said input query, and where 
Said query-tree contains hierarchically organized elements 
called query-tree-nodes corresponding to Subexpressions of 
Said tree-query, and where each of Said query-tree nodes is 
asSociated with an operation corresponding to a top level 
operation of Said Subexpression corresponding to Said query 
tree node, and where said query-tree is Selected from a group 
of possible data structures comprising: 

(a) a parse tree of Said input query whose nodes corre 
spond to Subexpressions of Said input query, and 

(b) a data structure obtained from a parse tree of said input 
query by equivalence-preserving transformations, and 

(c) a data structure which expresses a query equivalent to 
a query obtained from Said input query after replacing 
all variables of Said input query with constants accord 
ing to a variable-binding of a context provided by a 
program in which Said input query is embedded. 

41. The method of claim 40, where an order of compu 
tational Steps effected during an evaluation of Said input 
query on Said XML document is primarily determined by 
Said query-tree, in that an overall evaluation is effected by 
applying Said operations associated with Said query-tree 
nodes in an order corresponding to a hierarchical organiza 
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tion of Said query-tree-nodes within Said query-tree. In 
particular, each of Said operations is applied at once to all 
context and value data relevant at a current point of a 
computation, Such that when Such a step corresponding to an 
operation has been finished, said operation does not have to 
be reconsidered. 

42. The method of claim 41, where said evaluation 
proceeds by processing Said query-tree according to a Strat 
egy Selected from a group of evaluation Strategies contain 
Ing: 

(a) top-down evaluation, and 
(b) bottom-up evaluation, and 
(c) hybrid evaluation, and 
(d) inside-out evaluation. 
43. The method of claim 41, where said operations 

correspond to XPath operators of Said input query Selected 
from a group of operators comprising: disjunction, Simple 
location Step without predicate, restriction of a location Step 
by an XPath predicate, composition of location paths, XPath 
position() Statement, XPath last() statement, root location 
step, XPath count statement, XPath number constant state 
ment, arithmetic operator, comparison operator, Boolean 
conjunction, and other operational XPath element. 

44. The method of claim 41, where an input of said 
evaluation is an XML document, whose elements according 
to a document object model are here referred to as XML 
nodes, and where Said evaluation proceeds by processing 
Said query-tree-nodes according to a recursive top-down 
evaluation strategy, where said evaluation starts at a hierar 
chically most general node, called root, of Said query-tree, 
Said root representing the entire tree-query, and where Said 
evaluation associates one or more Sets of contexts, called 
context-sets, to each of Said query-tree-nodes, and where in 
case Said input query is generated during an evaluation of a 
program providing a context with respect to which said input 
query is to be evaluated, then said root is associated with a 
unique context set containing as unique element Said context 
provided by Said program. 

45. The method of claim 44, where for each of Said 
query-tree-nodes Said evaluation constructs one or more 
ordered sets of XML-nodes of said XML document, called 
result-sets, each consisting of results of evaluations of a 
Subexpression of Said tree-query corresponding to Said 
query-tree-node over Said XML document with respect to 
Some context-set associated with Said query-tree-node, 
where, for a given context-set, a corresponding result-Set 
consists of the union of results of evaluations of Said 
Subexpression over Said XML document with respect to each 
Single context contained in Said given context-set. 

46. The method of claim 45, where said result-sets are 
maintained as data structures Selected from the group con 
taining: 

(a) explicit data structures; and 
(b) implicit data structures constructed dynamically dur 

ing an execution of recursive procedures. 
47. The method of claim 45, where for each result set 

among Said result-sets an order of its elements is defined and 
maintained according to a policy from a group of policies 
including: 

(a) explicit ordering, where said order is explicitly 
reflected in a data Structure representing Said result-Set 
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and where Said order, for a result-Set of each query 
tree-node, depending on an operation associated with 
Said query-tree-node is induced by an ordering in a 
group of orderings consisting of document order and 
reverse document order; and 

(b) implicit ordering, where said result-Set is not explicitly 
represented in a data Structure representing Said result 
Set, and where Said order is generated when needed via 
one or more procedures accessing Said data Structure 
and where Said order, depends on an operation associ 
ated with the query-tree-node with which Said result Set 
is associated, and where said order corresponds to an 
ordering in a group of orderings containing document 
order and reverse document order. 

48. The method of claim 45, where for each query-tree 
node having immediate Subordinate query-tree-nodes in Said 
query-tree, called children of Said query-tree-node, Said 
result-sets associated with Said query-tree node are com 
puted by a method involving computations including: 

(a) determining one or more context-sets for children of 
Said query-tree-node, Such that none of Said context 
Sets contains duplicate contexts, 

(b) computing one or more result-sets for children of said 
query-tree-node, Such that for a child among Said 
children, a context set previously computed for Said 
child gives rise to one corresponding result-Set for Said 
child, where said result Set is obtained as a union of 
results of evaluations of Said Subexpression corre 
Sponding to Said query-tree-node for each context in 
Said context-set, and where multiple evaluations of Said 
Subexpression for a Same context are avoided by Stor 
ing and re-using evaluation results of Said Subexpres 
Sion for Single contexts. 

(c) computing said result-sets for Said query-tree-node 
from result-sets of its children, where Said computing 
of Said result-sets depends on an operation associated 
with Said query-tree-node. 

49. The method of claim 48, where for a query-tree-node, 
called leaf, having no Subordinate query-tree-node in Said 
query-tree, result-sets associated with Said query-tree-node 
are computed directly by evaluating Said Subexpression of 
Said tree-query associated with Said leaf over Said XML 
document for said context-sets. 

50. The method of claim 48, where said root admits a 
Single result-Set and where Said evaluation of Said input 
query results in Said Single result-Set. 

51. The method of claim 48, where said method for 
computing Said result-sets is implemented by means of a 
recursive procedure, making a recursive procedure call, 
whenever, during a computation of result-Sets of a query 
tree-node, results-Sets of a child of Said node is required. 

52. The method of claim 40, where one input of said 
evaluation is an XML document, whose elements are called 
XML-nodes, and where if Said input query belongs to an 
XPath fragment called “Core XPath”, said fragment con 
Sisting of XPath-queries excluding the use of any arithmeti 
cal operators and of any String operators, then said query 
tree closely corresponds to a parse tree of Said input query, 
and Said operations associated with Said query-tree-nodes 
are Selected from a group comprising union of nodesets, 
interSection of nodesets, nodeset difference, axes, node 
tests, a nodeset constant denoting the nodeset consisting 
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only of the root of said XML document, and a nodeset 
constant “dom' denoting the set of all XML-nodes in said 
XML-document. 

53. The method of claim 52, where said tree-query is 
evaluated on a random-acceSS machine by an evaluation 
mechanism using methods that evaluate each of Said opera 
tions associated with Said query-tree-nodes in a number of 
steps linear in the size of said XML document, whereby said 
input query can be evaluated on a random access machine in 
a number of Steps linear in the product of the Size of Said 
XML document and the size of Said input query. 

54. The method of claim 52, where said input query 
belongs to an XPath fragment called “XPatterns”, said 
fragment extending “Core XPath” by 

(a) the XPath function “id”; 
(b) equality Statements where one operand is a string 

constant; and 
(c) the XSLT Pattern functions “first-of-any”, “last-of 

any”, “first-of-type”, and “last-of-type” 
and where Said query-tree closely corresponds to a parse 

tree of Said input query, and Said operations associated 
with Said query-tree-nodes are Selected from a group 
comprising union of nodesets, interSection of nodesets, 
nodeset difference, axes, node-tests, a nodeset constant 
denoting the node-Set consisting only of the root of Said 
XML document, nodeset constant “dom” denoting the 
set of all XML-nodes in said XML-document, the 
function “id”, the function “first-of-any', the function 
“last-of-any’, the function “first-of-type”, the function 
“last-of-type', and a function determining all nodes 
whose String value coincides with a given String con 
Stant. 

55. The method of claim 54, where said tree-query is 
evaluated on a random-acceSS machine by an evaluation 
mechanism using methods that evaluate each of Said opera 
tions associated with Said query-tree-nodes in a number of 
steps linear in the size of said XML document, whereby said 
input query can be evaluated on a random access machine in 
a number of Steps linear in the product of the Size of Said 
XML document and the size of Said input query. 

56. A method for evaluation of an XPath expression, 
called input query, on an XML document, called input 
document, with respect to a given context, called input 
context, Said method comprising: 

(a) using of one or more data structures, jointly called data 
pool, for memorizing and retrieving results of evalua 
tions of Subexpressions of Said input query with respect 
to a plurality of contexts, 

(b) one or more Subordinate methods, jointly called basic 
evaluation, for evaluation of a basic set of XPath 
expressions, called basic fragment, Said basic fragment 
including atomic XPath expressions, whereby XPath 
expressions belonging to Said basic fragment are evalu 
ated directly over Said input document, without recur 
ring to evaluations of Subexpressions, 

(c) one or more Subordinate methods, jointly called com 
pound-evaluation, for evaluating a compound XPath 
expression with respect to a given context, Such that 
Said compound-evaluation computes a result of Said 
compound XPath expression over Said input-document 
with respect to Said context by Suitably obtaining and 
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combining results of evaluations of Subexpressions of 
Said compound XPath expression with respect to a 
plurality of contexts, where Subexpressions belonging 
to Said basic fragment are evaluated by Said basic 
evaluation, and where compound Subexpressions are in 
turn evaluated by Said compound-evaluation, and 
where multiple evaluations of a Same Subexpression 
with respect to a same context are avoided by Storing 
Said results of evaluations of Subexpressions in Said 
data pool and by retrieving Stored results from Said data 
pool when needed; 

(d) answering said input query with respect to said context 
over Said input document by applying Said basic 
evaluation to Said input query in case Said input query 
belongs to Said basic fragment, and by applying Said 
compound-evaluation to Said input query in case Said 
input query is a compound XPath expression; 

whereby XPath expressions can be efficiently evaluated 
over XML documents. 

57. The method of claim 56, where said input query 
adheres to the Syntax of an XML query language known as 
XPath 1.0, whereby all queries of Said query languages can 
be evaluated with respect to a given context with polynomial 
Worst-case time complexity over input XML documents. 

58. The method of claim 56 comprising in addition at least 
one Suitable Step Selected from a group of StepS comprising: 

(a) parsing said input query and making available said 
input query and its Subexpressions in form of one or 
more Suitable data Structures, 

(b) replacing variables occurring in Said input query by 
constants according to a variable-binding provided as 
part of Said input context; 

(c) retrieving said input document from Secondary Stor 
age, 

(d) parsing and making available said input document and 
its elements in form of one or more Suitable data 
StructureS. 

59. The method of claim 56, where said data pool stores 
a plurality of triples, where at a given Step of Said evaluation, 
each of Said triples contains at least three components: 

(a) a component, called Subexpression-component, iden 
tifying a Subexpression of Said input query, and 

(b) a component, called context-component, identifying a 
context with respect to which said Subexpression Stored 
in Said Subexpression-component was previously 
evaluated, and 

(c) a component, called value-component, Storing the 
result of the evaluation of Said Subexpression Stored in 
Said Subexpression-component with respect to Said 
context Stored in Said context-component. 

60. The method of claim 56, where said input context 
determines at least: 

(a) a context node referring to an element of an XML 
document where said XML document constitutes the 
input document over which Said input query is to be 
evaluated, and 

(b) a context position given by an integer, and 
(c) a context size given by an integer, and 
(d) a set of variable bindings. 
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61. The method of claim 56, where a context from said 
plurality of contexts with respect to which a Subexpression 
of said compound XPath expression is to be evaluated 
contains at least: a context node referring to an XML 
element of Said input document and, if needed, a context 
position given by an integer, and, if needed, a context size 
given by an integer. 

62. The method of claim 56, where said compound 
evaluation determines the result of said compound XPath 
expression from the top-level operation of Said compound 
XPath expression and from results of Subexpressions rep 
resented by children of a node representing Said compound 
XPath expression in a Suitable parse tree of Said input query. 

63. The method of claim 62, where the order of processing 
Subexpressions induced by Said compound-evaluation is 
Selected from a group comprising: 

(a) depth-first order, and 
(b) breadth-first order. 
64. The method of claim 56, where said method of 

evaluation of Said input query is obtained by improving an 
existing evaluation method for XPath queries. 

65. The method of claim 56, where said improving is 
achieved through a plurality of modifications comprising: 

(a) adding said data pool to data structures already used by 
Said existing evaluation method; 

(b) adding a storage procedure and activating said proce 
dure after each evaluation of an XPath subexpression 
With respect to a context, Said Storage procedure Storing 
in said data pool information identifying said XPath 
Subexpression, Said context, and the result of Said 
evaluation of said XPath Subexpression with respect to 
Said context; 

(c) adding a retrieval procedure which is activated when 
a proper XPath Subexpression of Said input query has to 
be evaluated with respect to a current context, Said 
retrieval procedure comprising the Steps of accessing 
Said data pool and checking whether said proper XPath 
Subexpression has already been evaluated with respect 
to Said current context during previous Steps of Said 
evaluation of Said input query; if So, retrieving from 
Said data pool the result of the evaluation of Said proper 
XPath Subexpression with respect to Said current con 
text and returning Said result by making it available to 
Subsequent Steps of Said evaluation of Said input query; 

(d) modifying said evaluation method having as effect that 
a repeated evaluation of a proper XPath Subexpression 
of Said input query with respect to a same context is 
replaced by providing a correct result through Said 
retrieval procedure, whereby multiple evaluations of a 
Same XPath Subexpression under a same context are 
avoided. 

66. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by 
Microsoft Internet Explorer 6. 

67. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by 
MicroSoft MSXML. 

68. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of Saxon. 
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69. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of Xalan-Java. 

70. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of Xalan-C++. 

71. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of XT. 

72. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of Oracle XDK. 

73. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of Sun XSLTC. 

74. The method of claim 64, where said existing evalu 
ation method for XPath queries is a method used by a 
version of id.XSlt. 

75. A system for evaluation of an XPath expression, called 
input query, on an XML document, called input document, 
with respect to a given context, called input context, Said 
System comprising: 

(a) a data storage device and means for Storing and 
manipulating one or more data Structures, jointly called 
data pool, for memorizing and retrieving results of 
evaluations of Subexpressions of Said input query with 
respect to a plurality of contexts, 

(b) means, called basic-evaluation-means, for evaluation 
of a basic Set of XPath expressions, called basic frag 
ment, including atomic XPath expressions, whereby 
XPath expressions belonging to Said basic fragment are 
evaluated directly over Said input document, without 
recurring to evaluations of Subexpressions, 

(c) means, called compound-evaluation-means, for evalu 
ating a compound XPath expression with respect to a 
given context, Such that Said compound-evaluation 
means compute a result of Said compound XPath 
expression over Said input-document with respect to 
Said context by Suitably obtaining and combining 
results of evaluations of Subexpressions of Said com 
pound XPath expression with respect to a plurality of 
contexts, where Subexpressions belonging to Said basic 
fragment are evaluated by Said basic-evaluation, and 
where compound Subexpressions are in turn evaluated 
by Said compound-evaluation-means, and where mul 
tiple evaluations of a Same Subexpression with respect 
to a same context are avoided by Storing Said results in 
Said data pool and by retrieving Stored results from Said 
data pool when needed; 
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(d) answering said input query with respect to said context 
Over Said input document by applying Said basic 
evaluation-means to Said input query in case said input 
query belongs to Said basic fragment, and by applying 
Said compound-evaluation-means to Said input query in 
case Said input query is a compound XPath expression; 

whereby XPath expressions can be efficiently evaluated 
over XML documents. 

76. A system for evaluation of XPath expressions, said 
XPath expressions being also known as XML Path expres 
Sions, over XML documents, Said System comprising: 

(a) a data storage device and one or more data structures, 
Said data Structures being used for computing and 
Storing results of evaluations of Subexpressions of an 
input XPath expression, called input query, with respect 
to a plurality of contexts, whereby multiple evaluations 
of a Subexpression with respect to a same context are 
avoided, and 

(b) means for computation of a result of Said evaluation of 
Said input query by building and combining evaluations 
of Said Subexpressions, where an order of Said building 
and combining is obtained from a hierarchical Stucture 
of Said input query; 

whereby XPath expressions can be efficiently evaluated 
over XML documents. 

77. The system of claim 76 comprising 
(a) means for receiving an XML document, called input 
XML document, whose elements according to a docu 
ment object model are here referred to as XML-nodes; 
and 

(b) means for receiving said input query to be evaluated 
over said XML document; and 

(c) a processor and means for parsing said input query and 
producing from it a hierarchical data structure, called 
query-tree, containing a plurality of nodes, called 
query-tree-nodes, and 

(d) a processor and means for constructing for each of said 
query-tree-nodes in Said query-tree, a data Structure, 
called a context-value table, Said context-value table 
containing Zero or more entries, where Said context 
value tables are constructed in Some order induced by 
a hierarchical Structure of the query-tree; and 

(e) means for finding a result of Said query evaluation in 
one or more entries of Said context-value tables. 


